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Abstract
A fluorometric procedure to image release of the neurotransmitter glutamate from living retinal slices is described. Patterns of
endogenous glutamate efflux were imaged with a cooled CCD camera in goldfish retinal slices as NADH fluorescence produced
by a cycling glutamate dehydrogenase (GDH). Basal and potassium evoked glutamate effluxes were strongly localized to the outer
and inner plexiform layers, supporting the model that photoreceptors and bipolar cells release glutamate as their prime fast
neurotransmitter. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Glutamate, an excitatory amino acid neurotransmit-
ter, is the most probable transmitter used by retinal
photoreceptors and bipolar cells [1–21]. An enzymatic,
fluorometric detection of glutamate has been used to
measure its release from retinal cells [5–7] and other
neurons [8]. This assay uses glutamate dehydrogenase
(GDH) in conjunction with NAD to convert exogenous
glutamate to 2-ketoglutarate and NADH. When ex-
posed to 360 nm light, the NADH fluoresces. Since the
rate of increase in NADH production is in a stoichio-
metric relation to glutamate for small glutamate con-
centrations [9], the rate of change of NADH
fluorescence is proportional to the concentration of
glutamate present [6]. This fluorescence method has
been successful in measuring glutamate efflux from
single cells [5] and from tissue which is predominantly
glutamatergic [8].
To localize the efflux of endogenous glutamate from
a slice of living tissue, an amplification of this method
is necessary. We have used GDH with glutamate-pyru-
vate transaminase (GPT), allowing a cycling of the
reactants, and an increase in the fluorescent moiety [10].
With this amplification, there is roughly a doubling of
sensitivity, allowing small amounts of glutamate can be
localized to specific regions of a retinal slice
preparation.
We here report the simultaneous detection of both
basal and potassium stimulated glutamate efflux from
the outer and inner plexiform layers of the goldfish
retina. A basal efflux of native glutamate is observed, in
addition to a K stimulated efflux.
2. Methods
Retinal slices of 125 mm thickness were prepared
using the procedure of Werblin [11], as described by
Wu [4]. The slices were maintained in an oxygenated
saline solution and visualized under deep red light (680
nm) using a Zeiss Axioskop with Nomarski interference
optics. Digital images of the slices (both the visible and
fluorescence images) were captured using a Santa Bar-
bara Instrument Group (Santa Barbara, CA) model 6I
cooled CCD camera, and were saved to computer disk
for later analysis. An assay solution containing 10 mM
glutamate dehydrogenase (GDH, Boehringer
Mannheim, Indianapolis, IN), 10 uM glutamate pyru-
vate transaminase (GPT, Sigma, St. Louis, MO), 2 mM
NAD, and 2 mM alanine was introduced to the cham-
ber, in a saline solution containing (in mM): 120 NaCl,
3 KCl, 2 CaCl2, 1 MgCl2, 0.1 D-aspartic acid, 10
glucose, 10 HEPES, pH 7.4.
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Fig. 1. Images of a 125 mm slice of the goldfish retina. The left panel reveals the slice when viewed under Nomarski interference optics, using 680
nm illumination. The extent of retina shown is from the outer nuclear layer (ONL) of photoreceptor inner segments (visible at top of image) to
the ganglion cell layer (GCL, bottom). The inner plexiform layer (IPL) is the finely textured region in lower middle of the image and the outer
plexiform layer (OPL) is about 1:3 down from the top, with the inner nuclear layer (INL) located between these plexiform layers. Middle panel
reveals basal glutamate efflux, 10 s after addition of assay. Again, there is a glutamate signal in the IPL, with significant efflux present in the OPL.
Right panel, glutamate efflux 10 s after addition of elevated potassium saline. In addition to a continued efflux in the IPL, there is a much larger
glutamate signal in the OPL, presumably from depolarized photoreceptors, and some efflux into the ganglion cell layer (GCL). Scale bar10 mm.
In the presence of glutamate, the NAD in the solu-
tion was converted by GDH to NADH, and glutamate
to 2-ketoglutarate. The latter product was reconverted
to glutamate by GPT in the presence of alanine, allow-
ing further production of NADH. Excitation light of
360 nm from a Hg arc lamp was used to excite the
NADH and the fluorescence was localized with the
CCD camera.
The fluorescence images were taken within 2 h of
retinal isolation. An initial visible light image was taken
while subsequent images used 360 nm light. A pre-assay
background fluorescence was collected. The enzymatic
assay was introduced, and fluorescence images were
captured at intervals of approximately 2 min. The
background emission was digitally subtracted from all
assay images. All fluorescence images were time inte-
grated for 2 s. While the localized fluorescence signals
did not substantially fade, they did diffuse from their
sources. Thus, all evaluation of images was made using
difference images. For this reason, each image repre-
sents at most a 2 min period of time for the glutamate
efflux.
3. Results
Using this enhanced fluorometric assay for gluta-
mate, coupled with a cooled CCD camera, the efflux of
glutamate from goldfish retinal slices was observed. The
left panel of Fig. 1 is a photo captured under red
illumination, while the right panels display fluorescence
images. Images were captured from 40 slices, with
substantially similar glutamate effluxes observed in
each.
Fig. 1 is oriented with the photoreceptor layer above
and ganglion cell layer at bottom. The IPL is evident in
the left panel as the finely textured region starting
approximately in the middle of this image and continu-
ing to the bottom third. The outer plexiform layer
(OPL) is a thin layer located about one third of the
distance from the top of the image. The middle panel is
the image captured 10 s after the addition of the
glutamate assay. A small (just suprathreshold) basal
efflux is apparent in the IPL and OPL layers. The right
panel is the same slice 10 s after introduction of saline
with an elevated potassium concentration (30 mM).
The OPL reveals a distinct area of K-stimulated gluta-
mate efflux, and there is evident efflux from the IPL.
The background fluorescence for this slice revealed a
large amount of fluorescence throughout the retina, and
particularly so from the photoreceptors. This back-
ground fluorescence is presumably native NADH
fluorescence, and is greater than the assay fluorescence,
thus entailing its subtraction prior to any data evalua-
tion. Additionally, the images for this figure were cre-
ated by digitally subtracting the previous image from
the ones being examined, providing the difference im-
ages seen here.
Fig. 2 depicts the profile of glutamate efflux along the
layers of the retinal slice. In this figure, the average
light intensity for each horizontal stripe was determined
from the difference images presented in Fig. 1. These
values each represent single points in Fig. 2. Thus, a
representation of fluorescence as a function of depth
into the retina was determined, allowing the relative
efflux of glutamate to be depicted in comparison to its
displacement along the slice. The data are all normal-
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ized using the median intensity from the image. The
relative efflux of glutamate in different slices can readily
be compared. Clearly, in this slice glutamate efflux was
more prominent in the OPL. In different experiments,
the larger effluxes were seen from the OPL or, occa-
sionally, the IPL. The additional efflux evident with
K-evoked depolarization seemed to come from both of
these retinal regions.
4. Discussion
Using an enhanced fluorometric method for detec-
tion of glutamate, we observed efflux of glutamate from
distinct layers of the goldfish retinal slice. There was a
basal efflux of glutamate from the IPL and a smaller
efflux from the OPL of the slice. This basal efflux is
consistent with the known resting potentials of photore-
ceptors (20 mV; [12,13]) and bipolar cells (20 mV;
[14]), and the efflux of glutamate from these neurons at
20 mV [15,16].
Application of elevated concentrations of extracellu-
lar K increased the glutamate efflux. The fluorescence
signal localized within the IPL suggests that glutamate
efflux was from the terminals of both depolarizing
(ON) bipolar cells, whose terminals extend to the prox-
imal IPL, as well as the hyperpolarizing (OFF) bipolar
cells, whose terminals are in the distal IPL [17,18]. The
fluorescence observed in the OPL indicated that pho-
toreceptors make a significant contribution to the gluta-
mate efflux observed. Since the UV illumination needed
for the assay also causes hyperpolarization of the pho-
toreceptors, this could have diminished the basal gluta-
mate efflux into the OPL to some extent. This effect is
presumed to be small, in part because the retina was
under UV illumination less than 10% of the recording
time.
Additionally, given that the observed efflux of gluta-
mate into the distal IPL (from OFF bipolars) is greater
than that into the proximal IPL (from ON bipolars), it
appears that any hyperpolarization of photoreceptors
by UV illumination was not large enough to signifi-
cantly suppress the release from the hyperpolarizing
(OFF) bipolar cells. This raises a question as to
whether a light-evoked effect can be observed with this
technique. In our experience, observing a demonstrable
change in glutamate efflux due to changes in illumina-
tion is difficult. We believe this is partially due to the
UV illumination needed for the measurement, which
has some impact on light:dark experiments. Further
modification of the experimental design will be neces-
sary to accomplish this, particularly in reducing the UV
illumination needed by obtaining images more rapidly.
Previous studies have directly indicated endogenous
glutamate can be released from isolated photoreceptors
[5], and endogenous excitatory amino acids can be
released from isolated depolarizing (ON) bipolar cells
[16,19]. Glutamate has long been considered the likely
transmitter used by both of these cell types due to its
effects on post-synaptic cells and its localization to the
synaptic regions of photoreceptors and bipolar cells [3].
Demonstration of a basal and depolarization-depen-
dent efflux of endogenous glutamate further confirms
that the excitatory amino acid used by photoreceptors
and bipolar cells is glutamate.
Since the fluorescence signal was detected in layers
throughout the IPL, this glutamate efflux pattern is
consistent with both ON and OFF bipolar cells of the
goldfish retina using glutamate [20]. In addition, with a
distinct signal observed in the OPL, it is clear that at
least some goldfish photoreceptor cells release
glutamate.
5. Conclusion
Using an enhanced fluorometric assay for glutamate
we have imaged the profile of endogenous glutamate
efflux in the goldfish retinal slice. Basal glutamate sig-
nals were primarily observed in layers within the IPL,
with some glutamate coming from the OPL. There was
an additional depolarization-evoked efflux in these lay-
ers. These results suggest a prominent efflux of gluta-
mate from synaptic terminals of retinal bipolar cells
into the IPL, and from photoreceptor terminals into the
OPL. The glutamate efflux is observed both in mesopic
conditions (basal results), and upon depolarization with
Fig. 2. The glutamate efflux profile along the layers of the retinal
slice. The light intensity for each horizontal stripe of pixels from Fig.
1 was averaged, producing a linear data series oriented along the
depth of the retina. These data were used to provide a representation
of fluorescence as a function of depth into the retinal slice. The
release of glutamate is shown in comparison to its displacement along
the slice. The solid trace is basal glutamate efflux, while the broken
trace represents the efflux when elevated external potassium solutions
were applied. The vertical bar represents an average fluorescence of 5
photons:s from the glutamate assay.
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elevated potassium. A depolarization-dependent efflux
of glutamate was observed in the inner nuclear layer
and over the ganglion cells, possibly due to Mu¨ller cell
reverse transport.
The imaging of a fluorometric assay for glutamate
demonstrated here provides a useful tool in examina-
tion of neural function. Further enhancement of this
technique should allow identification of cells exhibiting
glutamate efflux, and permit a delineation of their
release and transport sites in a fashion complementary
to other optical measuring techniques.
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